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Next-Generation Low-Cost Motion Capture Systems Can 
Provide Comparable Spatial Accuracy to High-End Systems
Dominic Thewlis, Chris Bishop, Nathan Daniell, and Gunther Paul
University of South Australia
The objective quantification of three-dimensional kinematics during different functional and occupational 
tasks is now more in demand than ever. The introduction of new generation of low-cost passive motion 
capture systems from a number of manufacturers has made this technology accessible for teaching, clinical 
practice and in small/medium industry. Despite the attractive nature of these systems, their accuracy remains 
unproved in independent tests. We assessed static linear accuracy, dynamic linear accuracy and compared gait 
kinematics from a Vicon MX-f20 system to a Natural Point OptiTrack system. In all experiments data were 
sampled simultaneously. We identified both systems perform excellently in linear accuracy tests with absolute 
errors not exceeding 1%. In gait data there was again strong agreement between the two systems in sagittal 
and coronal plane kinematics. Transverse plane kinematics differed by up to 3° at the knee and hip, which we 
attributed to the impact of soft tissue artifact accelerations on the data. We suggest that low-cost systems are 
comparably accurate to their high-end competitors and offer a platform with accuracy acceptable in research 
for laboratories with a limited budget.
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For many years high-end motion capture solutions 
have been only accessible to successful research laborato-
ries, government funded laboratories, and motion capture 
studios within the animation industry, due to the high 
capital cost associated with hardware and software. As 
with any market, the increase in the demand for motion 
capture technology in both biomechanics and animation 
has resulted in optimization of manufacturing methods 
and streamlined sales and support contracts. The optimi-
zation of these processes has resulted in reduction in the 
initial capital costs of the hardware and software. As a 
result a new generation of low-cost (relative to the typi-
cal cost of a multicamera system found in many research 
laboratories) motion capture systems have emerged on the 
market, some of which are viewed as direct competition 
to the existing manufactures from new market players 
(e.g., Natural Point OptiTrack). Manufacturers with cur-
rent high-end product lines have begun to introduce new 
low-cost systems as a direct result of increased market 
competition (Vicon Bonita and Motion Analysis Corp. 
Osprey). These new low-cost systems provide a unique 
opportunity to the area of biomechanics in the higher 
education sector, clinical practice or small/medium 
industry. The low-cost systems provide an opportunity 
for groups that might not have previously had access to 
passive three-dimensional technology to now implement 
new and potentially more accurate protocols in their 
industry.
Despite appearing seemingly attractive, the accuracy 
of these low-cost systems is yet to be demonstrated. 
Richards (1999) performed a comprehensive comparison 
of the accuracy of commercially available motion capture 
systems commonly used in biomechanics. It was identi-
fied that in static tests optical motion capture systems of 
the time generally produced RMS errors of less than 1 
mm. During dynamic tests, the RMS error increased to 
up to 4.2 mm in some systems. As a community we tend 
to accept that the accuracy of our currently available sys-
tems has improved in the 12 years since Richards (1999) 
described system accuracy. Improvements in marker 
tracking accuracy can largely be attributed to enhance-
ments in the tracking algorithms used to reconstruct 
data points. However, many of the tracking algorithms 
in the older, low-cost systems, have not been up-dated 
in since they were described by Richards (1999), the 
result of which has been a divergence between low- and 
high- end/cost systems. However, in order for the new 
low-cost systems to be seen as accurate teaching tools 
and perhaps even research/clinical/quality assurance 
tools, we must demonstrate in a cross validation study 
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how these next generation low-cost systems compare 
with a high-end solution typical of the current state of 
the art laboratories.
The aim of the study was therefore to compare both 
the linear static and dynamic accuracy and the quality 
of angular kinematics from a typical high-end motion 
capture system and a next generation low-cost system 
during a simple task. We hypothesize, because many of 
the new low-cost hardware run on existing and proven 
software platforms, that the accuracy of these systems 
in comparison with a high-end market leader will be 
comparable.
Methods
Two experiments were conducted. Experiment one was 
designed to assess the static and dynamic linear accuracy 
of the systems. Experiment two was designed to compare 
lower limb gait kinematics from each system. For both 
experiments the same instrumentation, setup, calibration 
and basic signal processing were used.
Instrumentation, Software, and Setup
We simultaneously collected the same data from two, 
12-camera motion capture systems. We used a low-cost 
(AU$ 15,000 at the time of purchase) OptiTrack system 
(Natural Point, OR, USA) and high-end (approx. AU$ 
250,000 at the time of purchase) Vicon MX-f20 system 
(Vicon, Oxford, UK). The technical specification of the 
camera systems can be found in Table 1. Data from the 
Natural Point OptiTrack cameras were calibrated, col-
lected, tracked, and labeled in AMASS 1.032 (C-Motion, 
Inc. USA). Data from the Vicon MX-f20 cameras were 
calibrated, collected, tracked, and labeled in Vicon Nexus 
1.6.1 (Vicon, Oxford, UK).
The cameras were mounted in pairs with one of each 
type of camera mounted on the same tripod (Figure 1A), 
or where this was not possible due to limited stands capa-
ble of holding two cameras, two tripods were positioned 
directly next to each other. The mean distance between the 
centers of each camera lens was 0.33 m (±0.17 m). Both 
systems were calibrated according to the manufacturers’ 
protocols. For both the Vicon and Natural Point systems, 
the calibrated volume was approximately 2.5 m × 1.5 m 
× 1.5 m. Both systems sampled the kinematic data at 100 
Hz. No processing was performed in either Vicon Nexus 
or AMASS. Following the identification of marker trajec-
tories, all data were exported to c3d format for processing 
and analysis in Visual3D (C-Motion Inc., USA).
Signal Processing
Common signal processing techniques were used in 
both experiments, all of which were preformed within 
Visual3D to minimize error. Kinematic data were filtered 
with a 4th order lowpass Butterworth filter with a cut-off 
frequency of 6 Hz. Gait events for experiment two were 
identified based on the velocity of the marker trajectories 
of the foot markers (Zeni & Higginson, 2009).
Experiment One: Protocol  
and Data Processing
The first phase of the study investigated the static and 
dynamic linear accuracy of the Vicon MX and Natural 
Point systems. In both assessments, a standard reference 
object was used (the Vicon “T” calibration object). The 
distance between two markers was chosen as the refer-
ence length and measured as 0.120 m using a 3 m Faro 
Fusion Arm (spatial accuracy = 0.104 mm [Faro Europe 
GmbH & Co. KG]). For the static test of linear accuracy, 
the reference object was positioned in the center of the 
calibrated volume. Three 10-s trials were recorded. The 
mean measured length of the 0.120 m object was calcu-
lated over the entire trial as the three-dimensional vector 
magnitude. Dynamic accuracy was quantified using the 
same reference object. In a modified walking test (Ehara 
et al., 1997; Chiari et al., 2005) the dynamic accuracy of 
the system was assessed in three trials at the lower section 
of the volume, the middle of the volume and at the side 
edge of the volume. As with the static tests the measured 
mean length of the reference object was calculated over 
the entire trial as the three-dimensional vector magnitude. 
The absolute error and absolute percentage error for both 
static and dynamic trials was calculated.
Table 1 Camera specifications
Specification
Camera Type
Vicon Natural Point
Camera model MX-F20 OptiTrack FlexV100R2
Lenses 6 × 4/16 mm,
5 × 12.5 mm,
1 × 4/9 mm C-Mount
12 × 4.5 mm M-Mount
Sensor type CMOS CMOS
Sensor dimensions 1600 × 1280 640 × 480
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Experiment Two: Protocol  
and Data Processing
Gait data were collected from a single participant, with 
an age of 22 years, height of 1.78 m and body mass of 75 
kg. The collection of the data were part of a larger study 
that was approved by the University Human Research 
Ethics Committee. The participant gave written informed 
consent. The participant walked at a self-selected pace 
through the laboratory. Three dynamic walking trials were 
collected. As with the first experiment all data were col-
lected simultaneously through both systems. Before this, 
a static posture calibration file was collected to define the 
position and orientation in space of the body segments 
(Cappozzo et al., 1995). Retro-reflective markers were 
attached bilaterally to the anterior superior iliac spine, 
posterior superior iliac spine, greater trochanter, medial 
and lateral femoral epicondyle, medial and lateral mal-
leolus, head of the 1st and 5th metatarsal, posterior aspect 
of the calcaneus and on the dorsal aspect of the second 
metatarsal. Rigid clusters of four markers were affixed to 
the shank and thigh segments. Local right-handed coor-
dinate systems were embedded in each segment based 
on the anatomical frames (Cappozzo et al., 1995). The 
segments of the lower limbs and pelvis were modeled 
in six degrees of freedom and joints modeled using the 
joint coordinate system (Grood & Suntay, 1983). Joint 
angles were calculated at the ankle, knee, and hip. The 
pelvis segment angle was also calculated with respect to 
the global coordinate system. Joint angles were calculated 
Figure 1 — A) The camera arrangement used with the Natural Point cameras on the left and the Vicon camera on the right. B) The absolute 
error and error bars for the mean measured length over 10 s for the static (s), dynamics test in the lower calibrated volume (d lower), and 
the dynamic test in the middle of the calibrated volume (d mid). C) Top—static measurement of object length over 10 s; middle—dynamic 
measurement of the object length in the middle of the calibrated volume over 10 s; bottom—dynamic measurement of the object length 
in the lower region of the calibrated volume over 10 s.
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and reported as the mean of the three trials. Data were 
extracted in all three planes at initial contact, 25%, 50% 
and 75% of stance phase.
Results
Experiment One
The linear accuracy tested identified a maximum absolute 
percentage error of 0.84% for the dynamic test in the mid 
volume of the Natural Point system. In all conditions, 
the Natural Point system produced higher errors than 
the Vicon system (Figure 1B & C). No absolute percent-
age errors were found to exceed 1% deviation from the 
known length.
Experiment Two
The findings of the gait study identified that largest abso-
lute difference between the two systems occurred in the 
transverse plane knee rotation at 75% of stance phase 
(4.2°). No other comparisons identified a relative differ-
ence greater than 4°. In fact only five of the 60 variables 
extracted for analysis identified an absolute difference of 
greater than 3° (Figure 2, Table 2).
Discussion
As the demand for objective, quantitative methods for 
assessing kinematics increases, the need for accessible, 
low-cost and accurate systems also increases. The find-
ings of this study suggest that in tests of both static and 
linear accuracy, the current trend toward low-cost systems 
is justified, as there is minimal difference in the accuracy 
of the systems. In addition, both systems performed better 
than previous reports (Richards, 1999), which was to be 
expected based on enhancements in tracking algorithms 
since 1999. While on face value it may appear that the 
Vicon system does out-perform the Natural Point system 
in both static and dynamic tests, it is essential to identify 
the bias within the experiment. The reference object was 
chosen simply due to convenience and this object was 
used as part of the calibration of the Vicon system. This 
results in an internal bias in the Vicon systems ability to 
measure the known length. Despite the known bias, it is 
evident that the Vicon system is able to measure over a 
period of time with lower variability, which is evident 
based on the range of the data (Figure 1B).
The gait data produced by both systems is compa-
rable in the majority of the measures taken. Sagittal plane 
kinematics at all joints/segments do not appear to demon-
strate a difference that could result in different interpreta-
tions of the data, i.e., the maximum mean difference of 
2.7° would not be deemed clinically significant in this 
plane. Surprisingly, very little difference was identified in 
the coronal plane, which is known to be highly susceptible 
to marker placement error. The largest differences were 
identified in the transverse plane knee and hip kinemat-
ics and the magnitude of the difference does raise some 
degree of concern. However, this measurement is seldom 
reported due to its susceptibility soft tissue artifact and 
marker placement error (Leardini et al., 2005; Thewlis et 
al., 2008). The fact that both the hip and knee kinematics 
are affected suggests that soft tissue artifact, or the mea-
surement of marker displacement (cluster displacement in 
this instance) is subtly different between the two systems. 
Despite the difference in the transverse plane kinematics, 
it appears that the example of a next generation of low-
cost system presented in this study performs comparably 
to the high-end system. It is, of course, not possible in 
this instance to state which system is more accurate due 
to no measurement of absolute angular displacement.
Table 2 The mean difference (degrees) identified during gait between the Vicon and Natural Point 
cameras systems
Joint / segment angle Rotation Initial contact 25% of stance 50% of stance 75% of stance Total ROM
Ankle Flex-Ext 1.0 0.9 1.1 2.7 1.7
Abd-Add 0.6 1.9 1.6 1.3 1.2
Int-ext 0.7 0.2 0.6 0.3 0.4
Knee Flex-Ext 0.9 0.6 1.0 0.2 2.7
Abd-Add 0.4 0.3 0.2 0.2 1.2
Int-ext 3.6 3.9 3.7 4.3 0.4
Hip Flex-Ext 0.7 0.6 1.0 0.8 0.3
Abd-Add 0.4 0.5 0.5 0.3 0.8
Int-ext 2.9 2.8 3.0 3.3 0.4
Pelvis Flex-Ext 1.0 0.9 1.0 1.1 0.0
Abd-Add 0.8 0.8 0.7 0.9 0.5
Int-ext 0.7 1.1 1.0 0.6 0.0
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While the two systems appear to generate compa-
rable data, the researcher or scientist is often mindful of 
the labor-hours required to process the data. This is where 
in this instance the Vicon system outperformed the Natu-
ral Point system through vastly shorter marker labeling 
time. Other low-cost systems may not have this issue if 
they run on the same software platforms as their high-end 
sibling systems. Whereas the time demand method of 
marker labeling is a factor that must be accounted for in 
research laboratories, reduced automation may actually 
be highly desirable in a teaching environment.
In conclusion, the findings of this study suggest that 
low-cost motion capture systems are sufficiently accu-
rate for use in undergraduate teaching, clinical practice, 
Figure 2 — The joint/segment kinematics for the ankle, knee, hip and pelvis in a) the sagittal plane; b) the coronal plane; c) the 
transverse plane.
industry and research. Further work is required to explore 
the absolute angular accuracy of the systems and their 
susceptibility to high accelerations associated with soft 
tissue artifact; however, it is likely that differences of 
this magnitude might be evident between competing 
high-end solutions. We must also begin to explore analog 
integration or synchronization with low-cost systems, as 
inaccuracies here could impact significantly when calcu-
lating joint moments and powers using inverse dynamics.
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